Study objective: Working memory deficits in children with obstructive sleep apnea (OSA) have been reported in previous studies, but the results were inconclusive. This study tried to address this issue by delineating working memory functions into executive processes and storage/maintenance components based on the Baddeley's working memory model.
Introduction
Obstructive sleep apnea (OSA) is a frequently diagnosed nocturnal breathing disorder, with a prevalence rate of around one to three percent in the western pediatric sleep-disordered breathing children using both parent-rating and neuropsychological tests. While working memory deficits were reported by parents, no significant impairments were identified on the objective tests. The authors attributed the lack of significant objective deficits to possible sampling bias and the lack of sensitivity of the digit span test as a working memory task. Other studies also reported working memory performance in children with OSA comparable to controls (Archbold, . However, changes in executive functions in these studies were only measured by test batteries or combinations of standalone neuropsychological tests, such as digit span, verbal fluency tests and cancellation tests, none of which sufficiently differentiate the contribution of basic cognitive processes in executive tasks. Taken together, there was a lack of systematic and theory-driven studies on working memory functions in pediatric OSA, leading to inconsistent findings. Specifically, a closer look at the methodology of the studies reporting null findings revealed that these studies treated the executive controller and the underlying basic cognitive processes (i.e., maintenance capacity/speed) of working memory as a whole, without delineating the individual components (Lau et al., 2010). In addition, most previous childhood OSA studies only measured the verbal domain of working memory, rendering the visuospatial domain understudied. Therefore, a comprehensive model of working memory, encompassing both the verbal and the visuo-spatial domains that could be captured by well-validated tests was called for to shed light on the complex questions regarding working memory functioning in children with OSA.
The application of Baddeley's working memory model has been shown to be fruitful in previous studies in Western (Lau et al., 2010) , as well as in Chinese adult OSA populations (Lau et al., 2013). Elucidating potential deficits in working memory in childhood OSA is critical, given its underlying role in a wide range of complex cognitive processes, including reading comprehension, mathematical ability, planning, reasoning and problem solving, which are regarded as pivotal to children's learning and development (Baddeley, 2003) . The working memory model involves a supervisory (executive) attention system that controls the processes of two domainspecific storage components responsible for maintaining verbal (phonological loop) and visuospatial information (visuospatial sketchpad), and also an episodic buffer that provides a limited capacity multi-modal interface between systems (Baddeley, 2003; Baddeley & Hitch, 1974) . By adopting the multi-component model of working memory proposed by Baddeley and Hitch (1974) , our experimental tasks were specifically developed to distinguish the basic and the higher-ordered functions in both verbal and visuo-spatial domains of working memory, respectively (Andrade, 2001 ).
In terms of the underlying mechanisms of the OSA-related cognitive deficits, intermittent hypoxia and sleep disruption have been proposed to be the two major Therefore, an exploration of potential respiratory predictors of working memory functioning in children with OSA would be warranted.
To our knowledge, the present study was the first attempt to isolate the basic storage from the executive processes within each domain (verbal and visuospatial) of the working memory system in comparing children with and without OSA. It was also the first to investigate the correlations between objective sleep-related respiratory parameters with specific working memory components in this population. We hypothesized that Chinese children with OSA would perform worse than controls on working memory tests. Tasks of basic attention and vigilance would be included to control for their potential contribution to performance on working memory tasks. We also tested whether respiratory parameters would predict working memory performance in the OSA group. 
Methods

Participants and Design
Neurocognitive measures (More details of neurocognitive tasks can be found in the supplementary materials)
Working memory tasks. Phonological loop capacity was assessed using the Attention tasks. Since attention and working memory were two closely related constructs, we included attention tasks so that the performance could be tested as covariates in our analyses to examine the effects of OSA on working memory above and beyond its effects on basic attention processes. 
Statistical Analysis
Data were analyzed using IBM Statistical Package for the Social Sciences 
Results
Demographic and Sleep Characteristics
Six of the 51 recruited participants were excluded in the current study. One control participant was excluded in the current analyses due to problems in understanding and completing the neuropsychological tests. Another five older control participants were excluded in order to ensure better matching of age with the OSA group such that the any group differences would not be attributable to age.
Therefore, data of 23 children with OSA and 22 controls were included in the current analyses. Demographic and polysomnographic data were summarized in Table 1 .
There were no significant differences between the groups with respect to age, gender, education level and BMI. Moreover, no significant group differences in the general cognitive functioning measured on the Raven's Standard Progressive Matrices was found. As expected, significant between-group differences were found in OAHI, arousal index, and SpO 2 nadir. There were, however, no significant differences in sleep architecture parameters between the groups.
Attention
The performance of the OSA group and the controls on the attention tests was summarized in Based on the significant correlations, OAHI and SpO 2 nadir were entered in the second step of regression analysis of Forward Digit Span; and OAHI in the second step of analysis of verbal 2-back task. SpO 2 nadir was a significant predictor of performance of Forward Digit Span, whereas OAHI negatively predicted accuracy of the verbal 2-back task (Table 3 ).
Discussion
The goals of this study were to characterize the impact of childhood OSA on working memory, and to explore the relationship between sleep-related respiratory parameters of OSA with cognitive performance. Our findings showed that children with polysomnographically-defined OSA had significant impairment in both the basic A major limitation of our study should be noted. Our sample size did not allow us to compare the performance of children with different degrees of OSA.
Having multiple severity groups of OSA would enable us to decluster the cognitive deficits found in the OSA population, and to examine the relationship between neuropsychological outcomes and levels of sleep/respiratory disturbances.
To conclude, we identified OSA-associated basic storage and central executive deficits in verbal working memory in children. Impaired basic attentional processes were also present in the OSA group, but such impairments could not account for the deficits identified in verbal working memory. Furthermore, oxygen saturation level and obstructive apnea hypopnea index were found to be significant Abbreviations: SD, standard deviation; hr, hour; min, minute, OAHI, obstructive apnea hypopnea index; ArI, arousal index; SpO 2 , oxygen saturation; WASO, wake after sleep onset; TST, total sleep time; REM, rapid eye movement; SWS, slow wave sleep. *p < .05. **p < .01. Effect size was presented as Cohen's d. 
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Methods
Neuropsychological tasks Attention and mental flexibility
Test for Everyday Attention in Children (TEA-Ch) 1, 2 The TEA-Ch is an assessment tool for attention which comprises of nine subtests based on the adult Test of Everyday Attention, and is applicable to children aged 6-16 to testing different aspects of attention. This test battery is built upon a three-factor model consisting of sustained attention, selective attention and higher-level "executive" control. The present study adopted two subtasks: "Sky search" and "Creature counting" to test subjects' selective attention and attentional control.
In the Sky Search subtest, the children were given a laminated A3 sheet depicting rows of paired spacecraft and instructed to try and find all the identical aircraft pairs as quickly as possible. Twenty targets were distributed among 108
distractors. Subjects could self-determine their termination of task by marking the box. In order to control for differences stemmed from motor speed rather than visual selection, subjects are then administered a motor control version of the task. Outcome measures are the accuracy and time for completion. For the latter outcome, "motor control" time-per target-score was subtracted from the Sky Search time-per-target score to yield the attention score. Test-retest reliability reported by original author is at .90. In the three-factor model of TEA-Ch performance in Chinese children, Skysearch task is correlated to selective attention (r=0.71) and sustained attention (r=0.43).
In the Creature Counting subtest, subjects are required to switch from one set of mental task to another set of mental tasks. They were presented with a stimulus book and instructed to count aloud the number of creatures present in the burrow but they were to pay attention to the arrows which will serve as cues for them to change their direction in counting. The task begins with two practice trials followed by seven experimental trials. The outcome measure is accuracy response and time for completion. Another outcome measure is the timing score (i.e. time taken per switch), but it is only calculated if the subject gets three or more correct responses. Test-retest reliability reported by original author is 0.69 (accuracy) and 0.73 (timing). In the three-factor model of TEA-Ch performance in Chinese children, Creature Counting task is correlated to attentional control/switching (r=0.61).
Attention and information processing
The Children's Paced Auditory Serial Addition Task (CHIPASAT) 3, 4 CHIPASAT is developed for children based on Gronwall ( The test has been used as a measure of information processing speed and is adopted in our study as it is sensitive to the neurocognitive effects of several clinical conditions.
Vigilance
Digit Vigilance Test 5 ,6,7 The DVT is a rapid visual tracking task that taps on subjects' vigilance and sustained attention and psychomotor speed. Test-retest reliability with one-week delay was 0.88 for youthful control subjects. The test consists of two pages, with 35 single digits appearing in each and every 59 rows. Subjects are instructed to cross out all the number '6'-s that appears randomly on the page. The outcome measures include the time for completion, number of commission error (i.e. crossed out non-'6' digits) and number of omission error (i.e. did not cross out '6' digits). DVT is shown to be sensitive in detecting neuropsychological deficits in patients with even mild forms of sleep apnea.
General intelligence
Raven's Standard Progressive Matrices (RSPM) 8, 9, 10 The RSPM is designed to measure a person's fluid ability to form relations and perceptual analogies regardless of language and educational background. It is developed as a measurement of the two main components of the Spearman's g (i.e.
general intelligence), which included the ability to think and make sense of complexity, and the ability to store and reproduce information. It is a 60-item test arranged in 5 sets (A, B, C, D&E). Each set contains matrix-like figures with a missing piece and the subject is required to choose the correct missing piece based on the 'theme' set in each set of figures. The outcome measure is the raw score, which will then be converted to percentile with published age-based local norm. 6 Working memory N-back experimental task 11, 12 The n-back task is a continuous memory task adapted by Smith and authors (1996) , from the one developed by Gevins and Cutillo (1993) to test the participant's ability to maintain and conduct online processing of information. Letters (letter identity) and symbols (symbol location) are used as stimuli in the verbal and spatial tasks, respectively. Each task includes both the 2-back and the 0-back conditions.
Participants had to complete three 0-back blocks and three 2-back blocks for each task. Each block has 26 trials, comprising of 10 controls, 8 foils and 8 matches.
Practice block is available in the beginning of each trial. The 2-back condition requires the subject to decide whether or not the presented stimulus matches the one encountered two stimuli before. The 0-back condition is a baseline measure for factors like alertness, and perceptual and motor responses that can affect performance in the 2-back trials.
Verbal tasks Letters used in the verbal condition appear at the exact same location (i.e. left of fixation cross) across all trials for all subjects. In the verbal 2-back task, participants had to decide whether or not (yes/no response) each letter matched in identity of the one presented two back (i.e. not the previous letter, but the one before that), holding location constant (Supplementary Figure   1a) . In the verbal 0-back task, participants had to make a simple decision on whether the presented letter matches the identify of the first stimulus presented at the start of the trial.
Spatial tasks Symbols used in the spatial condition were identical and appeared at a randomly chosen location amongst 12 possible positions, each of which was randomly generated within a donut-shaped area within 1.5 to 4.5 degree of radius from the screen's centre. In the spatial 2-back task, participants had to decide whether or not the position of the symbol matched the position of the symbol presented two symbols back. (Supplementary Figure 1b) . In the spatial 0-back task, participants had to make a simple decision on whether the presented letter matched the location of the stimulus presented at the start of the trial.
The Python freeware was used for stimulus presentation and response data collection via button press. In each block, single stimuli was presented in a continuous stream, each for 1000ms, with a 2500ms interval between successive stimuli. Participants had to press one of two buttons with one fingers of their dominant hand to indicate positive or negative responses. Performance was measured by accuracies and reaction times. The whole task took about 20 minutes in total.
